-dependent manner [3, 7]. Here we find that
tion in many organisms including humans (reviewed in [9] ). In search for Pds1-interacting proteins that are rePds1 interacts directly with Cdc20 and that this interaction requires Pds1's destruction box. Our quired for Pds1's ubiquitination, a yeast two-hybrid screen was performed. As bait, the full-length Pds1 fused to the results suggest that Cdc20 provides a link between the substrate and the core APC/C and that the Gal4 DNA binding domain (BD-Pds1) was used. This construct encoded for an active protein as it rescued the destruction box is essential for efficient Cdc20-substrate interaction. We also find that Pds1 does temperature and benomyl sensitivity of a pds1⌬ strain (data not shown). As prey, a genomic library fused to the not interact with Cdh1. Finally, the effect of spindle assembly checkpoint activation, known to inhibit Gal4 activation domain (AD) was used. In this system [10] presence of vector alone (Figure 1b) . Moreover, strains containing both BD-Pds1 and AD-Cdc20 activated the whether the Pds1-Cdc20 interaction is dependent on Pds1's destruction box. Full-length Pds1 lacking its destruction box could not be used in the two-hybrid system because constitutive expression of nondegradable Pds1
Results and discussion
The timely degradation of key mitotic regulators is essenis lethal (data not shown). To circumvent this problem, N-Pds1, a truncated form of Pds1, was used. This form tial for accurate chromosome segregation. Central to this process is a ubiquitin ligase, the anaphase promoting comof Pds1 lacks its 199 C-terminal amino acids. N-Pds1⌬db The two-hybrid interaction between Pds1 and Cdc20 is dependent be tested because cells expressing full-length CDC20 fused to the on Pds1's destruction box. (a) The Cdc20 and Pds1 constructs GAL4 activation domain (AD) grew extremely slowly (data not shown), used in the two-hybrid screen. The Cdc20 fragment isolated by the possibly due to the toxic effect of elevated Cdc20 levels [2, 3] . (b) two-hybrid interaction contained the WD-repeats (hatched bars) but Growth of the indicated two-hybrid combinations on plates lacking lacked the two destruction boxes (solid bars). The dependence on tryptophane and leucine, to select for the bait and prey plasmids, the Pds1 destruction box was tested by using an N-terminal fragment respectively, or on a plate lacking tryptophane, leucine, histidine, and of Pds1 (amino acids 1-174), with or without a functional destruction adenine to test for the two-hybrid interaction. (c) Western blot analysis box (N-Pds1 and N-Pds1⌬db, respectively). The destruction box using anti-Pds1 antibodies to detect the GAL4 binding domain (BD) mutation was generated by replacing the RLPL amino acid sequence fusions to Pds1, N-Pds1, and N-Pds1⌬db in the two-hybrid tester strain. with amino acids ALPA, as described previously [7] . Note that the (d) The ␤-galactosidase activity of the two-hybrid tester strain two hybrid interaction between Pds1 and full-length Cdc20 could not expressing AD-Cdc20 and the Pds1 derivatives, as indicated.
is the same as N-Pds1 except that the amino acids of the an affinity chromatography strategy (Figure 2a ). Fulldestruction box motif are absent (Figure 1a) . N-Pds1⌬db length Pds1 and Pds1⌬db fused to glutathione s-transand N-Pds1 localized properly to the nucleus and did not ferase (GST) were expressed in Escherichia coli and bound inhibit cell growth (data not shown). In the two-hybrid to glutathione agarose beads. As a source for Cdc20, we tester strain, BD-N-Pds1 and BD-N-Pds1⌬db were exused radiolabeled, full-length Cdc20 expressed in reticupressed at similar levels, albeit less efficiently than the locyte lysate. It was previously shown that Cdc20 and BD fusion with full-length Pds1 (Figure 1c) . BD-N-Pds1
Cdh1 (see below) from reticulocyte lysates are capable could support the two-hybrid interaction with AD-Cdc20, of activating APC/C [11]. The radiolabeled Cdc20 was whereas BD-N-Pds1⌬db could not (Figure 1b) . In addiincubated with GST, GST-Pds1, or GST-Pds1⌬db bound tion, the ␤-galactosidase activity of cells expressing ADbeads, and the amount of bound Cdc20 was determined Cdc20 and BD-N-Pds1 was 2-fold above the background, by autoradiography ( Figure 2a ). Cdc20 was efficiently rewhereas cells with AD-Cdc20 and BD-N-Pds1⌬db had tained on the beads containing GST-Pds1, very poorly only background levels ( Figure 1d ). The lower level of on beads containing GST-Pds1⌬db, and not at all with ␤-galactosidase activation with N-Pds1 as compared to GST alone. These results confirm that Pds1 interacts with full-length Pds1 probably reflects their relative intracellufull-length Cdc20, and that this interaction is dependent lar protein levels ( Figure 1c ). Taken together, these reon the Pds1 destruction box. sults show that the Cdc20-Pds1 interaction depends on Pds1's destruction box.
Another WD-repeat protein that associates with the APC/C during mitosis is Cdh1. Cdh1 is phosphorylated The Pds1-Cdc20 interaction was further confirmed using of a destruction box is not sufficient to promote Cdh1 recognition. Recent reports differ on whether in vivo Pds1 can be degraded in a APC/C Cdh1 -dependent manner: while Visintin et al. [3] and Schwab et al. [2] showed that APC/ C Cdh1 cannot promote Pds1's degradation, Rudner et al. [13] argue the opposite. In all cases Pds1 or Cdh1 were overexpressed and Pds1 stability was examined in the G 1 phase, when it is not normally expressed. Nonetheless, the finding that in vivo Pds1 can be degraded in an APC/ C Cdh1 -dependent manner [13] suggests the existence of additional levels of substrate recognition, which may include the requirement for Cdh1 dephosphorylation or the involvement of a G 1 specific factor(s), conditions which may not be mimicked by our assays. Thus we predict that proteins that are substrates for both APC/C Cdc20 and APC/ C Cdh1 under normal cell cycle conditions (such as Clb2 and Hsl1 [14, 15]) will be able to bind both Cdc20 and Cdh1.
To establish the biological relevance of the Cdc20-Pds1 interaction, we next examined whether this interaction occurs in vivo, using tagged proteins expressed from their native promoters. This analysis was complicated by the fact that both Pds1 and Cdc20 are highly unstable in vivo [7, 16] , and the outcome of their interaction would be the degradation of Pds1. Thus it was expected that any interaction between Cdc20 and Pds1 would be very transient. We reasoned that the inactivation of the APC/C should increase the likelihood of detecting Cdc20-Pds1 interactions for two reasons: (1) since both Cdc20 and Pds1 are present only in a narrow window of the cell cycle and GST-Pds1⌬db fusions were expressed in E. coli and bound to [16, 17] , APC/C inactivation would lead to the accumulaglutathione agarose. GST (lanes 3 and 7), GST-Pds1 (lanes 1 and 5), and GST-Pds1-⌬db (lanes 2 and 6) were incubated with Cdc20 tion of cells in metaphase, thereby enriching for cells SDS-PAGE and analyzed by autoradiography. Fifty percent of the bound protein was loaded. The input lanes contain 3% or 5% of the Coimmunoprecipitation experiments were carried out usCdc20 or Cdh1 lysates, respectively, added to each incubation ing HA-tagged Pds1 and Myc-tagged Cdc20 in a cdc16 (lanes 4 and 8) . The ⌬db mutation removed the RLPL destruction box mutant strain that is defective for APC/C function at the element and replaced it with leucine and glutamic acid, as described nonpermissive temperature. An isogenic strain carrying strains were grown to early log phase and shifted to the nonpermissive temperature, after which extracts were made and subjected to immunoprecipitation using anti-HA antibodies. As can be seen in Figure 3a , Myc-tagged during most of the cell cycle. Toward the end of mitosis Cdc20 coprecipitated specifically with HA-Pds1. The imit is dephosphorylated, allowing it to bind and activate munoprecipitation experiments revealed that only a small APC/C [12] . To test whether these two WD-repeat profraction of Cdc20 was associated with Pds1. This was teins differ in their substrate binding, the ability of Pds1 expected because at the metaphase arrest Pds1 would be to associate with Cdh1 was examined in vitro and by the mostly associated with its target, the Esp1 protein [18] . yeast two hybrid system (Figures 2b and 2c) . In contrast to Cdc20, radiolabeled Cdh1 from reticulocyte lysate failed to bind GST-Pds1, GST-Pds1⌬db, or GST alone
The destruction box dependence could not be tested directly because a cell cannot survive with full-length (Figure 2b) . Similarly, Pds1 failed to interact with Cdh1 by two-hybrid (Figure 2c ). These results suggest that the Pds1⌬db expressed from its own promoter. The truncated Pds1 forms, N-Pds1 and N-Pds1⌬db, were present only binding of Pds1 to Cdc20 is specific, that Cdc20 and Cdh1 differ in their substrate recognition, and that the presence at very low levels and could not be efficiently immunopre- dent, Pds1⌬db should not be able to bind Cdc20 and thus would not compete for the degradation of wild-type Pds1.
To distinguish Pds1⌬db from wild-type Pds1, the latter was tagged with a triple HA-epitope (Pds1-HA); Pds1⌬db was expressed from a GAL promoter whereas Pds1-HA was expressed from its endogenous promoter. Pds1⌬db was detected using anti-Pds1 antibodies that cannot detect endogenous levels of Pds1-HA. Thus, the ability to detect Pds1⌬db with these antibodies suggests that even at low induced levels of expression, the amount of Pds1⌬db greatly exceeds that of the endogenous Pds1-HA. Cells were released from an S phase arrest in the absence of Pds1⌬db or in the presence of low or high Pds1⌬db levels (Figure 3b ). Under these conditions, wild-type cells initiate anaphase at around 60 min after the release, whereas cells expressing both low and high Pds1⌬db levels remain arrested in metaphase for the duration of the experiment ([7] and data not shown). Consistent with the requirement for a destruction box in substrate recognition, low levels of Pds1⌬db did not inhibit the degradation of Pds1-HA (Figure 3b , Glucose). When Pds1⌬db was present at high levels, a 30 min delay in wild-type Pds1 degradation was observed (Figure 3b , Galactose). These results indicate that a destruction box is necessary for efficient recognition of the substrate by Cdc20, but high substrate levels can partially overcome the requirement for a destruction box. Consistent with this possibility, we do observe very low levels of Cdc20 binding to GST-Pds1⌬db (Figure 2b ).
Pds1 interacts with Cdc20 in vivo, and this interaction is not abolished
These results suggest that under normal conditions the when the mitotic checkpoint is activated. (a) Early log phase cultures destruction box plays an important role in the ability of of cdc16-123 mutant strains expressing Pds1-HA and Cdc20-Myc
Pds1 to associate with Cdc20, and they also underscore (strain ZH2601-9A) or Cdc20-Myc alone (strain ZH2601-3C) were the need to examine these types of interactions using shifted to the nonpermissive temperature (37ЊC) for 5 hr and then harvested. Extracts made from these cells were subjected to proteins at physiological levels.
immunoprecipitation (IP) using anti-HA antibodies coupled to beads as described under Materials and methods. Total extracts and eluted fractions were subjected to SDS-PAGE and analyzed by Western blot
Prior to the establishment of bipolar spindle attachments, strains carrying Pds1-HA and/or Cdc20-myc were released in panel (a) were prearrested in S phase with hydroxyurea, after which they were released from the arrest at the nonpermissive from an S phase arrest in the presence of nocodazole, a temperature in the absence or presence of nocodazole. Two hours microtubule-depolymerizing drug that activates the spinafter the release cells were harvested and processed as described in dle assembly checkpoint and causes a metaphase arrest.
(a). The left and the right panels show the IP results in the absence
As can be seen in Figure 3c , checkpoint activation did and presence of nocodazole, respectively.
not abolish the Cdc20-Pds1 interaction. Based on this observation, we propose that checkpoint activation does not inhibit Cdc20 from binding its substrates, but rather inhibits the ubiquitination reaction, possibly by making cipitated (data not shown). We therefore examined whether Pds1 lacking a destruction box could inhibit the the substrate inaccessible to the catalytic site of the APC/C. This finding is intriguing in light of the observadegradation of wild-type Pds1 in vivo, arguing that if the recognition of Pds1 by Cdc20 is destruction box depention that in higher eukaryotes the spindle assembly check-with protease inhibitors. To confirm equal protein binding, the bound point inhibits the degradation of cyclin B but not of cyclin proteins were eluted, resolved on SDS-PAGE, and visualized by immu-A, even though they are both ubiquitinated via APC/ noblotting with anti-GST antibodies (data not shown). Cell-free transla-C fizzy [20, 21] . Our results raise the possibility that in both tion was performed using purified DNA in the TNT Reticulocyte Lysate cases Fizzy binds to its substrates, but that cyclin A bindSystem. Cdc20 (pCH1111) or Cdh1 (pCH1126) were translated and labeled with [ .5], 5 mM MgCl 2 , 2% Triton X-100, and 150 mM NaCl) and incubated with 100 l of packed GST, GST-Pds1, or GSTpds1-⌬db beads prepared as described above. After 2 hr of incubation
In summary, using three independent methods, we have at 4ЊC, the beads were washed five times with L buffer, and the bound demonstrated that Cdc20 binds Pds1. Furthermore, we proteins were resolved by SDS-PAGE and analyzed by autoradiography.
find that the Cdc20-Pds1 interaction is dependent on Pds1's destruction box. We have also shown that activa-
